In order to investigate the effects of chromium on the electrical contact properties of the Al 2 O 3 -Cu/15W composites, vacuum hot-pressing sintering and internal oxidation methods were employed to fabricate the Al 2 O 3 -Cu/15W and Al 2 O 3 -Cu/15W5Cr composites. The microstructure was analyzed by scanning and transmission electron microscopy. The electrical contacts testing was performed using the JF04C testing machine at 30 V DC with 10-30 A current. The effects of Cr on the comprehensive properties, arc erosion morphology and welding force of the electrical contacts were investigated. The mass transfer mechanism was discussed. It was demonstrated that the Al 2 O 3 nanoparticles pinned dislocations. The diffraction spots of the Cu matrix and the -Al 2 O 3 disclose an orientation relationship of <103> Cu //<103> −Al2O3 ,{020} Cu //{040} −Al2O3 . A typical arc erosion morphology, such as needle-like and coral structures was formed, which provides significantly enhanced arc erosion resistance of the contact material. Compared with the Al 2 O 3 -Cu/15W composite, the Al 2 O 3 -Cu/15W5Cr composite has a lower welding force. The two composites present two distinct mass transfer trends before and after 25 A. The final mass transfer direction of the composites is from the cathode to the anode. The Al 2 O 3 -Cu/15W5Cr contacts have less mass change under all testing conditions.
Introduction
Due to the manufacturing equipment upgrades and rapid development of electronics industry, vacuum switches have been playing a significant role for nearly two decades [1] [2] [3] . Currently, as the core components of vacuum switches, high-performance electrical contacts have drawn considerable attention due to their ability to reliably make and break the circuits [4] [5] [6] [7] .
Chromium, a semi-refractory metal, has a high melting point and hardness, along with a strong affinity to oxygen. Consequently, Cu-Cr electrical contacts have been used in vacuum circuit breakers, attributed to their good breaking ability and resistance to arc erosion [8] [9] [10] [11] . Schulman et al. [12] reported that droplets and particles formed from the Cu-25Cr contacts during the arc erosion process. Mahir et al. [13] studied the effects of Cr particles with different weight ratios ranging from 5% to 15% on the properties of Cu-Cr composites, and found that the hardness and wear resistance of the composites increased significantly with chromium addition. Taylor's research [14] indicated that the cathode spot moves faster on the Cu-Cr contact when the arc changes from an initial arc column to a diffusion arc, resulting in avoiding the large-scale erosion of the contact. Considering the recent developments in large capacity vacuum switching equipment, which lead to miniaturization and high performance, a single com-ponent can no longer satisfy the increased requirements. Hence, there is a tendency to take advantage of multiple components. The research of Miao et al. [15] showed that adding a third component into the Cu-Cr system to form Cu-Cr-X contacts can significantly improve the resistance to arc erosion of the contacts. For example, a refractory metal, such as tungsten and molybdenum, can be added to enhance the contact's dielectric strength and arc erosion resistance. Chang et al. [16] studied the welding force of the contacts, which decreased by about 50% after adding W and C into Cu50Cr, and analyzed the effects of added elements on the welding performance and other properties. In order to improve the dielectric strength of the Cu-Cr electrical contact material, Hasegawa et al. [17] added a small amount of Mo in the Cu-Cr alloy, and the dielectric strength along with the anti-welding ability of the contacts were increased dramatically as a result. Furthermore, the in situ formed Al 2 O 3 nanoparticles in the copper matrix can effectively enhance the high temperature strength and inhibit the dynamic recrystallization attributed to hindering dislocations movement [18] [19] [20] . This has been verified in our previous work [21] . It is demonstrated that the Al 2 O 3 -Cu/35W5Cr composite was still in the stage of subcrystals formation at 850 ∘ C, 0.01 s −1 thermal deformation condition. As mentioned above, aluminum oxide dispersion strengthened copper is widely used in electrical contacts, lead frame materials and resistance welding electrodes [22, 23] .
In this work, Al 2 O 3 -Cu/15W and Al 2 O 3 -Cu/15W5Cr composites were fabricated by vacuum hot-pressing sintering and internal oxidation methods. The microstructure of the Al 2 O 3 -Cu/15W5Cr composite was analyzed. The effects of Cr on the comprehensive properties, arc erosion morphology and welding force of the electrical contacts were investigated. The mass transfer mechanism was also discussed.
Experimental procedure
W powder (5 µm average diameter, >99.9% purity), Cr powder (44 µm average diameter, >99.9% purity) and Cu-0.4wt.%Al powder (2-5 µm diameter, >99.9% purity) were employed. Cu 2 O powder (2-5 µm diameter, >99.9% purity) served as the oxygen source. The morphology of different powder and the mixed powder is shown in Figure 1 . Powders were adequately mixed in the YH-10 mixer for 2 hours, and the copper ball-to-powder weight ratio was 10:1. The composite samples were sintered using the ZMY-50-15 vacuum hot-press sintering furnace at 3-4 Pa vacuum and 950 ∘ C (10 ∘ C/min heating rate) with 1 h dwelling time. When the temperature reached 650 ∘ C, 15 MPa uniaxial contact pressure was applied for 1 h. The relative density was obtained by dividing the bulk density by the theoretical density after the bulk density of the composites was measured by the Archimedes method. Then the Sigma 2008B1 digital instrument was used to measure the electrical conductivity of the as-sintered samples. In order to investigate the microstructure of the composites, the field emission scanning electron microscope (JSM-7800F) and the transmission electron microscope (JEM-2100) were employed.
As-sintered composites were cut into Φ3.8 mm × 10 mm size cylindrical specimens. The specimen surfaces were ground and polished for the following tests. Then the specimens were weighed by the FA2004B electronic balance before and after the predetermined operations, with each data point representing the average value of five measurements. The mass transfer and the loss of the contacts suffering arc erosion, ∆m, was calculated as follows: ∆m=m 2 -m 1 , where m 2 is the electrode mass after electrical contact testing and m 1 is the specimen mass before electrical contact testing. Five thousand contact cycles were performed on the JF04C electrical contact testing apparatus.
These tests were conducted under the argon atmosphere. The bottom contact was stationary and served as a cathode, while the top contact served as an anode, which was movable. The test was carried out in the constant current mode with the voltage set to 30 V DC and the current set to 10, 20, 25, and 30 A. The contact force was 0.4-0.6 N and the contact breaking frequency was 1 Hz. Three samples were tested for each condition to obtain repeatable experimental results. The arc erosion morphology of the contacts was analyzed by the JSM-5610LV scanning electron microscope. Figure 3 (a), many nanoparticles are dispersed uniformly in the copper matrix. Selected electron diffraction spots are shown in Figure 3 (b), indicating that there is a set of spots of the secondary phase in addition to the {103} zone axial spots of the Cu matrix. Based on the diffraction spots analysis shown in Figure 3(d) , it is the diffraction spots of -Al 2 O 3 along the {103} zone axis. Furthermore, the two sets of diffraction spots in Figure 3 
Results

Microstructures of the composites
Central dark field observation (shown in Figure 3 (c)) was conducted using the secondary phase spot (marked by the circle in Figure 3 (b)), and the results showed that all the secondary phase particles generated in the Cu matrix were -Al 2 O 3 . It is interesting to note that Al 2 O 3 nanoparticles pinned dislocations and hindered the dislocations movement, as shown in Figure 4(a) . This phenomenon can be used to explain good mechanical properties of the dispersion copper under high temperature [24] [25] [26] [27] . Previous work demonstrated that the Al 2 O 3 -Cu/35W5Cr composite was still in the stage of sub-crystals formation at 850 ∘ C, 0.01 s −1 deformation condition. The Al 2 O 3 -Cu/35W5Cr composite had typical dynamic recovery characteristics [21] . Figure 4(b) shows that twins were formed in the process of hot press sintering. It is well known that the twins' structure reduces the dislocation slip of the average free path, thus effectively promoting hardening [28] [29] [30] . Thus, they can enhance the dislocation density and composite hardness. In addition, some Cr particles were 
Comprehensive properties
The comprehensive properties of the two composites are shown in Figure 5 . The relative density of the two composites is above 98%, which can satisfy the basic requirements of electrical contact materials. As the 5 wt% chromium was added to the Al 2 O 3 -Cu/15W composite, the electrical conductivity decreased, while the Brinell hardness obviously increased. This is because poor interface bonding increases electron scattering. Besides, the electrical conductivity of Cr is lower than copper. However, as a hard phase, Cr can carry and transfer the applied load in the composite material. Additionally, the thermal mismatch between the 
Arc erosion morphology
The low-magnification SEM images of the Al 2 O 3 -Cu/15W and Al 2 O 3 -Cu/15W5Cr composites are shown in Figure 6 . All kinds of hills and craters are present on the anode and cathode surfaces, respectively. It could be found that the anode of Al 2 O 3 -Cu/15W5Cr composite ( Figure 6 (c)) contains fewer hills than the Al 2 O 3 -Cu/15W composite. Moreover, the cathode in Figure 6 (d) has fewer craters. It is well established that the increase of Cr content improves contact arc erosion resistance. The solubility of chromium in copper increases to rather high values with temperature resulting in the homogeneous melt on the contacts surface [33, 34] . Figure 7 shows the high-magnification SEM images of the Al 2 O 3 -Cu/15W5Cr composite and corresponding EDS results after electrical contact test at 30V DC, 30 A. As shown in Figure 8 , filaments, needle-like skeletons, droplets, and coral structures were present on the surface of the contacts. In Figure 7 (e), EDS data show that the content of copper in the filaments is 88.42 wt%. The reasons for filaments generation are as follows: due to the high temperature of the arc, a liquid bridge was formed between the contacts. At the initial stage of contacts parting, molten metal bridges the contact gap [35, 36] . As the breaking of contacts continued, the gap became wider. Finally, the rupture and solidification of the molten metal bridge took place. Figure 7(b) shows many needle-like skeletons with a diameter less than 1 µm and a length of about 5 µm. Simi- lar structure has been observed in our previous work. However, the length of the needle was about 10 µm [37] . The EDS data show that the tungsten and chromium content is 33.57 wt% and 13.7 wt%, respectively. This is far more than that in the as-sintered samples. These needle-like structures can restrict the flow of liquid and thus reduce the splashing of materials. In addition, Figure 7 (c) shows that some droplets with a copper content as high as 82.39 wt% were scattered on the contact. These droplets were formed by the rapid solidification of liquid copper after splashing. Besides, many coral structures were found in Figure 7(d) , which have much higher tungsten and chromium content than the needle-like skeletons. This phenomenon can be explained by the melted copper evaporation and sputter at high temperature. Finally the refractory components tungsten and chromium accumulated to form the coral structures. 
Welding resistance
The arc generated in the process of making and breaking electrical contacts results in material transfer and welding between the electrodes [38, 39] . Figure 8 shows the welding forces of Al 2 O 3 -Cu/15W and Al 2 O 3 -Cu/15W5Cr contact materials at DC 30 V, 10 A and 30 A, with each data point representing the average value of 100 breaking operations. The contacts with chromium added under both test conditions have lower welding force. This can be explained by the formation of finely dispersed chromium particles, which prevented generating very hot spots [40] . Furthermore, the contacts with added chromium have a thinner and brickle melted layer. In addition, as can be seen from Figure 7 (b, d) that tungsten and chromium underwent a re-sintering process under high temperature and transformed into needle-like and coral structures. These typical structures also contribute to better welding resistance [41] [42] [43] .
Discussion
In general, an arc generation is attributed to the electrical breakdown of a vacuum gap with ample power supplement. Under the action of the arc, the contact temperature increases due to the arc heat flux. In addition, various forces, such as electrostatic force and electromagnetic force, are applied to the contacts. Consequently, the electrical contact material, which has lower melting point melts, evaporates and sprays at first. All kinds of asymmetry factors in the making and breaking process of contacts result in the material transfer or loss [44] [45] [46] . Furthermore, material transfer or loss eventually lead to electrical contacts failure. Figure 9 shows the material transfer trend of the two contact materials after 5000 make-and-break tests. As shown in Figure 9 (a), the anode mass increases and the cathode mass decreases from 10 A to 30 A consistently. Nevertheless, the Al 2 O 3 -Cu/15W composite presents two distinct trends before and after 25 A. From 10 A to 25 A, the mass loss value increases with the current, while the mass loss value at 30 A is less than at 25 A, i.e., the 25 A is a critical current value for the material transfer. According to Figure 9 (a), all the total mass change values were negative, i.e., the anode mass gain was not equal to the cathode mass loss. This indicates a mass loss to the environment. For comparison in Figure 9 (b), the Al 2 O 3 -Cu/15W5Cr composite shows a similar mass change trend with Figure 9 (a). However, the mass change value under all the conditions from 10 A to 30 A is less than in Figure 9 (a). This demonstrates that the addition of Cr can reduce the mass transfer of the contacts. Furthermore, the mass change characteristics are totally different between 10-25 A and 25-30 A for both the composites. The specific reasons are analyzed as follows. In the first stage from 10 A to 25 A, less charged particles were generated by collision and thermal ionization due to the less heat flux of the arc column. In order to maintain the arc, electrons need to be emitted from the cathode. Positive ions accumulating in the cathode surface area resulted in the higher electric field intensity. At the same time, the arc constriction in the cathode area increased the current density. Hence, more particles near the cathode were ionized. In summary, positive ions accumulated and arc constriction in the cathode area enhanced the heat flux, which was input into the cathode. As a result, the material transferred from the cathode to the anode. On the other hand, the number of charged particles, such as gas molecule and metal vapor atoms at 30 A, was higher than at 25 A. Thus, the probability of collision ionization and thermal ionization increased [47] [48] [49] [50] . Maintaining the arc no longer depends on arc constriction in the cathode area and ionization of the electrons, which were emitted from the cathode. Then the arc constriction phenomenon in the cathode area disappeared. In order to maintain the arc and the lowest arc voltage, the arc column in the anode area was constricted. These two processes are illustrated in Figure 10 . Heat flux input into the anode contact resulted in the material transfer from the anode to the cathode. Although the material transfer direction changed, the material transferred from the cathode to the anode dominated the final transfer direction. Therefore, the mass change value at 30 A is less than that at 25A. 
Conclusions
Vacuum hot-press sintering process was employed to fabricate the Al 2 O 3 -Cu/15W and Al 2 O 3 -Cu/15W5Cr composites. W and Cr particles were uniformly distributed in the dispersion copper matrix without obvious agglomeration. The diffraction spots of the Cu matrix and the -Al 2 O 3 disclose an orientation relationship of <103> Cu //<103> −Al2O3 , {020} Cu //{040} −Al2O3 . Al 2 O 3 nanoparticles pinning dislocations and twins were clearly observed. During the arc erosion, hills and craters were formed on the anode and cathode surfaces, respectively. Moreover, typical arc erosion morphology, such as needle-like and coral structures were formed, which significantly enhanced arc erosion resistance of the contact material. Compared with the Al 2 O 3 -Cu/15W composites, the Al 2 O 3 -Cu/15W5Cr composites have a lower welding force. Furthermore, the two composites present two distinct mass transfer trends before and after 25 A. From 10 A to 25 A, the mass loss value increases with the current, while the mass loss value at 30 A is less than at 25 A. The final mass transfer direction of the composites is from the cathode to anode. The Al 2 O 3 -Cu/15W5Cr contacts have less mass change under all testing conditions.
